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Quantum Chromodynamics (QCD)

2

gluon-gluon interactions

strong interaction is responsible for most of the visible mass

confinement of quarks

weak at high energies but 
very strong at scales 
appropriate for life 

How do we study the strong 
coupling regime of QCD? 
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Motivation
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Form Factors

Form Factors contain information on 
the positions of charges within a 
hadron (infinite momentum frame: 
form factor is 2D Fourier transform of 
transverse density.)

Spectroscopy

Study of the properties of states of 
QCD: production mechanisms, mass, 
width, quantum numbers and decay 
modes (and form-factors.)

Major success: quark model itself 
grew out of such studies.

The Δ resonance

lowest lying nucleon excitation;
experimentally well separated;
very short lived
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Δ Elastic Form Factors (γ*ΔΔ)
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There are 4 elastic form factors (spin-3/2)
associated with 

distribution of charge, 
magnetization and non-
spherical deformations

no direct measurements of dipole and octopole moments

Qp!�+ = �(0.0846± 0.0033) e fm2

(stat, syst, theory)
µ�+

µN
= 2.7+1.0

�1.3 ± 1.5± 3PDG �p ! p⇡0�0
Tapps & Mainz

GE0(Q
2), GM1(Q

2), GE2(Q
2), & GM3(Q

2)

Charge

Magnetic moment 

Dipole moment

Octopole moment

GE0(0) = e�

GM1(0) / µ�

GE2(0) / D�

GM3(0) / O�

can potentially extract
elastic information
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Bn asymmetry
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+-

-+

elastic scattering

Polarization perpendicular

to scattering plane

 time-reversal invariance forces this SSA to vanish for one-photon exchange 

arises from an interference between the one-photon exchange (Born) amplitude 
and the imaginary part of the two-photon exchange amplitude 

Bn =
�" � �#
�" + �#

=
2Im(T2� · T ⇤

1�)

|T1� |

Bn ⇠ ↵em
me

Ee
⇠ 10�6 � 10�5

ultra-relativistic2-photon

Asymmetry is 
very small

Beam Normal Spin Asymmetry in
elastic eN scattering

directly proportional to the Imaginary part of 2-photon exchange 
amplitudes

spin of beam 
NORMAL 

to scattering plane

on-shell intermediate state

order of magnitude:

intermediate 
states on-shell
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Bn asymmetry in ep elastic
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G0, SAMPLE, PVA4

Phys.Rev.Lett. 107 (2011) 022501 

Phys.Rev.Lett. 99 (2007) 092301 

Phys.Rev.Lett. 94, 082001 (2005) 
Calculations reasonably 
well under control - 
generally reproduce the 
data to better than a few σ

Require excited 
intermediate states

G0

PVA4
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Bn asymmetry in nuclear elastic
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Calculations of Bn asymmetry in forward-angle elastic 
scattering match nuclear data except for the heaviest 

nuclei (assumed due to Coulomb distortion.)
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Asymmetry calculations for Δ production
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Beam Spin Asymmetry in
inelastic eN scattering with Δ in the final stateinelastic eN scattering with Δ in the final state

¾ 1γ exchange e- e-
¾ 1γ exchange

N Δ

¾ 2γ exchange

N Δ

γ*NΔ form factors
¾ 2γ exchange

e- e- e- e-

for s≃ M2
Δ

N N Δ Δ ΔN
γ*ΔΔ form factorsγ*NΔ form factors

for s M Δ

γ ΔΔ form factors

unique tool to learn about the γ*ΔΔ form factors
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Beam Spin Asymmetry in
inelastic eN scattering with Δ in the final stateinelastic eN scattering with Δ in the final state

¾ 1γ exchange e- e-
¾ 1γ exchange

N Δ

¾ 2γ exchange

N Δ

γ*NΔ form factors
¾ 2γ exchange

e- e- e- e-

for s≃ M2
Δ

N N Δ Δ ΔN
γ*ΔΔ form factorsγ*NΔ form factors

for s M Δ

γ ΔΔ form factors

unique tool to learn about the γ*ΔΔ form factors

γ NΔ form factors

N Δ
N + π
N + 2π

D13

F15

…γ*ΔΔγ*NΔ
transition FF

γ*NN
nucleon FF

Some disagreement in the elastic scattering case 
(suspected missing intermediate states)
Treatment of additional intermediates states is 
difficult (transition to Δ)
Higher beam energies allow more intermediate 
states

Bn =
�" � �#
�" + �#

=
2Im(T2� · T ⇤

1�)

|T1� |

2γ:

1γ:
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Lattice Calculation of γ*ΔΔ
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134 C. Alexandrou et al. / Nuclear Physics A 825 (2009) 115–144

Fig. 5. Comparison of three different QCD lattice calculations for the !+(1232) form factor GE0. The upper curve is
for SIM-II and SIM-III using dynamical quarks, whereas the lower curve is for SIM-I using the quenched approxima-
tion [29]. The lines show the fits to a dipole form of the lattice results at the smallest pion mass. For the case of dynamical
quarks (upper graph) the fit is made to the results obtained using the mixed action. The error band is calculated using a
jackknife analysis of the fit parameters.

fermions obtained in this work are compatible with GM3(Q
2) ≃ 0 within the current statistical

accuracy. We will therefore not discuss further lattice results for GM3.
The values of the parameters entering the dipole fit of Eq. (65) for GE0, and the exponential

fits of Eq. (66) for GM1 and GE2, fitted to the three different lattice calculations SIM-I, SIM-II
and SIM-III are listed in Table 2.

In Figs. 5, 6 and 7 we show the fits to the lattice results for the form factors GE0,GM1 and
GE2 for the smallest pion mass in each of the three type of simulations. One sees that for GE0
all three calculations give similar results. For GM1 and more so for GE2, a larger spread in the
resulting fits is observed. For GE2(0) the hybrid lattice calculation yields a quadrupole moment
consistent with the large-Nc value, Eq. (16), whereas the quenched and dynamical Nf = 2 Wil-
son calculations yield only about half this value. It should, however, be noted that the present
dynamical calculations still have substantially larger error bars than the quenched calculations.

We would also like to emphasize that for the pion masses considered in the present work,
the ! is a stable state. At the physical pion mass however, the ! is a resonance, and more care
needs to be taken how to define a structure quantity such as a form factor. This question was
studied in detail in the context of extracting properties of W and Z gauge bosons from high
energy scattering experiments, see e.g. Refs. [54–57]. The findings of those works are that the
resonance must be considered as an S-matrix pole, and the corresponding matrix element, such
as a form factor, taken as the residue of that pole. It is still an open question how to extract in
practice such residue from lattice calculations for pion masses where the ! in unstable.

C. Alexandrou et al. / Nuclear Physics A 825 (2009) 115–144 135

Fig. 6. Comparison of three different QCD lattice calculations for the !+(1232) magnetic dipole form factors GM1. The
lines show the fits to an exponential form of the lattice results at the smallest pion mass. The rest of the notation is the
same as that in Fig. 5.

Fig. 7. Comparison of three different QCD lattice calculations for the !+(1232) electric quadrupole form factors GE2.
The notation is the same as that in Fig. 6.

C. Alexandrou et al. / Nuclear Physics A 825 (2009) 115–144 135

Fig. 6. Comparison of three different QCD lattice calculations for the !+(1232) magnetic dipole form factors GM1. The
lines show the fits to an exponential form of the lattice results at the smallest pion mass. The rest of the notation is the
same as that in Fig. 5.

Fig. 7. Comparison of three different QCD lattice calculations for the !+(1232) electric quadrupole form factors GE2.
The notation is the same as that in Fig. 6.

C. Alexandrou et al. 
 Nuclear Physics A 825 (2009) 115–144 

The γΔΔ form factor is obtain 
from lattice calculations with a 
stable Δ assuming that the 
disconnected diagrams are 
small 

Δ stable at these pion masses 
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Lattice Calculation of γ*ΔΔ
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C. Alexandrou et al. / Nuclear Physics A 825 (2009) 115–144 135

Fig. 6. Comparison of three different QCD lattice calculations for the !+(1232) magnetic dipole form factors GM1. The
lines show the fits to an exponential form of the lattice results at the smallest pion mass. The rest of the notation is the
same as that in Fig. 5.

Fig. 7. Comparison of three different QCD lattice calculations for the !+(1232) electric quadrupole form factors GE2.
The notation is the same as that in Fig. 6.

Factor of 2 difference in lattice 
results for quadrupole 
quenched or dynamical.

Octopole has large 
uncertainties, consistent with 0

C. Alexandrou et al. 
 Nuclear Physics A 825 (2009) 115–144 
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Parametrization of γΔΔ form factors
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GE0(Q
2) =

1

(1 +Q2/⇤2
E0

)2

GM1(Q
2) = GM1(0)e

�Q2/⇤2
M1

GE2(Q
2) = GE2(0)e

�Q2/⇤2
E2

GM3(Q
2) = 0

How sensitive are calculations of the beam asymmetry to changes in:
• parametrization of form-factors?
• parameters such as charge radius, magnetic moment, quadrupole 

moment, … ?

This parametrization fitted 
to lattice calculations and 
used in Bn calculation.

GE0(Q
2) = 1� 1

6
R2

�Q
2 + . . . Alternate parametrization
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Calculation dependence on beam energy 
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PRC 70, 045206 (2004) Pasquini & Vanderhaeghen 

0.855 GeV 3 GeV

Example from calculation for elastic scattering
Higher beam energy increases maximum 
intermediate hadronic mass 

Unitarity
with

Time reversal invariance:

= Σ
n

X O (α3)+
k k’

P P’ P’P P P

k’’ k’’k k’

n n
on-shell intermediate states

T-odd effects
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Bn asymmetry calculation
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B Pasquini, private communicationΔ intermediate more dominant at larger angles

Asymmetry highest in forward direction where rates are highest, 
attractive for measurement.
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Bn asymmetry sensitivity to form factors
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B Pasquini, private communication

GM1

Backward angles dominated 
by magnetic form factor
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Qweak Experiment
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Designed to measure parity violation in ep scattering
to order 10 parts per billion.

Δ kinematics 
•  <E> = 1.16 GeV 
•  <W> ~ 1.2 GeV 
•  <θ> ~ 8.3° 
•  <Q2> ~ 0.02 GeV2 

3

7

51

2 4

8 6Measure transverse polarization asymmetry and 
inelastic asymmetry for background studies
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Qweak Δ Production
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Thick target, very forward kinematics — significant 
contribution from radiated elastic scattering

Asymmetry uncertainty 
dominated by knowledge of 
relative fractions elastic and 
Δ production.

Progress to come from a 
sophisticated treatment of 
radiative effects 
(Dasu & Tsai numerical 
integral)

f� ⇠ 30± 7 %
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Measured Asymmetries
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Measurement at elastic peak

Bn = -5.30 ± 0.17 ppm 

Measurement at Δ peak

Braw = 5.1 ± 0.4 ppm

AIP Conf. Proc. 1560, 583 (2013) Waidyawansa 
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Bn Asymmetry Extraction
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Comparison of Bn to Theory Calculation 

20 Nuruzzaman CIPANP 2015 

•  sensitive to γ*ΔΔ form factors 
•  Q-weak transverse dataset along with world data has potential to 

constrain models and study charge radius and magnetic moment of Δ 

Measured Bn agrees with 
theoretical calculation!

Expect a significant decrease in uncertainty as radiative effects are understood.
Similar available at 0.877 GeV. 
More data is available at 1.60 GeV with different background fractions.
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PVA4 at Mainz
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for each helicity state (NR
e and NL

e ) by summing over the
inner 345 detector channels, which are the centers of a
full 3! 3 crystal matrix. The linearity of the PbF2 de-
tector system with respect to particle counting rates and
possible effects due to deadtime were investigated by
varying the beam current. We calculate the raw normal-
ized detector asymmetry as Araw " #NR

e =!R $ NL
e =!L%=

#NR
e =!R & NL

e =!L%. The possible dilution of the measured
asymmetry by background originating from the produc-
tion of "0 ’s that subsequently decays into two photons
where one of the photons carries almost the full energy of
an elastic scattered electron was estimated using Monte
Carlo simulations to be much less than 1% and is ne-
glected here. The largest background comes from quasi-
elastic scattering at the thin aluminum entrance and exit
windows of the target cell (Table I).

Corrections due to false asymmetries arising from
helicity correlated changes of beam parameters were
applied on a run by run basis. The analysis was based
on the 5 min runs for which the counted elastic events in
the PbF2 detector were combined with the correlated
beam parameter and luminosity measurements. In the
analysis we applied reasonable cuts in order to exclude
runs where the accelerator or parts of the PbF2 detector
system were malfunctioning. The analysis is based on a
total of 7:3! 106 histograms corresponding to 4:8!
1012 elastic scattering events.

We extracted an experimental asymmetry from Aexp "
Araw $ a1AI $ a2!x$ a3!y$ a4!x0 $ a5!y0 $ a6!Ee.
The six ai (i " 1 . . . 6) denote the correlation coefficients
between the observed false asymmetry and the electron
current asymmetry AI, the horizontal and vertical beam
position differences !x, !y, the horizontal and vertical

beam angle differences !x0, !y0, and the beam energy
difference !Ee. For the analysis, the correlation parame-
ters ai were extracted by multidimensional regression
analysis from the data. The ai have been calculated in
addition from the geometry of the precisely surveyed
detector geometry. The two different methods agree
very well within statistics.

The experimental asymmetry was normalized to the
electron beam polarization Pe to extract the physics
asymmetry, Aphys " Aexp=Pe. We have taken half of our
data with a second #=2 plate inserted between the laser
system and the GaAs crystal. This reverses the polariza-
tion of the electron beam and allows a stringent test of the
understanding of systematic effects. The effect of the
plate can be seen in Fig. 2: the observed asymmetry
extracted from the different data samples changes sign,
which is a clear sign of parity violation. Our measured
result for the PV physics asymmetry in the scattering
cross section of polarized electrons on unpolarized pro-
tons at an average Q2 value of 0:230 #GeV=c%2 is Aphys "
#$5:44' 0:54' 0:26% ppm. The first error represents the
statistical accuracy, and the second error represents the
systematical uncertainties including beam polarization.
The absolute accuracy of the experiment represents the
most accurate measurement of a PV asymmetry in the
elastic scattering of longitudinally polarized electrons on
unpolarized protons. Table I gives an overview of the
applied corrections.

The interpretation of the measurement in terms of
strangeness contribution is possible by comparing the
measured physics asymmetry Aphys with the averaged
theoretical value without strangeness contribution A0.
The difference Aphys $ A0 is proportional to an averaged
combination of the Sachs form factors Gs

E & 0:225Gs
M "

0:039' 0:034. If one uses the Dirac and Pauli form
factors instead, the extracted value is Fs

1 & 0:130Fs
2 "

0:032' 0:028. The solid line in Fig. 3 illustrates the
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FIG. 1 (color online). The dashed histogram shows a raw
energy spectrum of accepted particles from the hydrogen target
as read directly from the hardware memory of the readout
electronics of the lead fluoride calorimeter. For the solid black
curve, this raw spectrum has been corrected for the differential
nonlinearity of the ADC, i.e., for measured variations of the
ADC channel width. The position of the elastic scattering
peak, the threshold for "0 production, and the position of the
! resonance is indicated as well as the lower and the upper
cut positions for the extraction of NR

e and NL
e as described in

the text.

TABLE I. Overview of the applied corrections and the
sources of the experimental error in the measured asymmetry.

Correction Error
[ppm] [ppm]

Statistics 0.54
Target density, luminosity 0.58 0.09
Target density, beam current 0.00 0.04
Nonlinearity of LuMo 0.30 0.04
Deadtime correction $0:11 0.08
AI 0.64 0.04
!Ee $0:05 0.02
!x, !y $0:03 0.02
!x0, !y0 0.03 0.03
Aluminum windows (H2 target) 0.16 0.02
Dilution from "0 decay 0.00 0.06
Pe measurement $1:07 0.11
Pe interpolation 0.00 0.19
Systematic error 0.26

P H Y S I C A L R E V I E W L E T T E R S week ending
9 JULY 2004VOLUME 93, NUMBER 2

022002-3 022002-3

PRL 93 (2004) 022002 

PVA4 raw spectrum, E=854 MeV
forward angle 30-40 degrees

isolated

PVA4 at Mainz

First results expected during 2015.

θ = 30-40 degrees
855 MeV: δA=2.1 ppm (stat)
1508 MeV: δA=5.1 ppm (stat)

Potential data at:
420 MeV, 510 MeV, 570 MeV
θ = 30-40 degrees

420 MeV, θ = 140-150 degrees

Sebastian Baunack, private communication
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Future Measurements
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• A1 at Mainz
• Cornell-BNL FFAG-ERL Test Accelerator
• Low Energy Recirculating Facility (LERF)
• SOLID at Jefferson Lab.

Intense Electron Beams 
Workshop, 

Cornell University, 
June 17-19 2015

20o - 35o,  δp/p ~ 2% 
some regions 10’s of kHz/mm2,  
(Extremely high rate capabilities)

FOM (scattering rate, 
asymmetry and interpretability) 
increase to lower energy.
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Summary of measurements
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PVA4
Qweak
SOLID
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Summary
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• The beam normal single spin asymmetry in Δ production is sensitive to 
the Δ elastic form-factors.

• Measurement of beam asymmetries is a robust, mature technique.
• Might allow for experimental testing of Δ elastic form-factor calculations.
• Theoretical studies needed to determine sensitivity.
• Future measurements may be possible using parity-violation apparatus.
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Additional Material
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Error Budget
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Photon momenta elastic scattering
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Photon momenta Δ production
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Intermediate states do not interfere (1st order)
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